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Present understanding of the global carbon cycle is limited by
uncertainty over soil-carbon dynamics’-! The derring of the
world’s forests, mainly for agricultural uses, releasc~  large
amounts of carbon to the atmosphere (up KO  2X IO”gyr-‘I.
umch of which arises firon the cultivation driving an accelerated
decomposition of soil organic matter’? Although the effects of
cultivation on soil carbon are well studied, studies of soil-carbon
recovery after cultivation are limit&‘! Here we present a four
decadeAong field study of carbon accumulation by pine cco-
systems established on previously cultivated so& in South
Carohna, USA’. Newly accumtikd  carbon is tracked by its
distinctive “C signature, acquired around the oneet of forest
growth from thermonuclear bomb testing that nearly doubled
atmospheric *‘CO2  in the  1960s.  Fii data combined with model
simulations indicate that the young aggredittg forest rapidly
incorporated bomb radiocarbon into the forest floor and the
upper 60 cm of underlying mineral soil. By the 19905,  however,
carbon accumulated only in forest biomass, forest floor, and the
upper 7.5 cm of the mineral so&  Although the forest was a strong
carbon siuk,  trees accounted for about 80%,  the forest floor 20%
and miuerai soil cl%,  of the carbon accretion. Despite high
carbon inputs to the mineral soil, carbon sequestration was
liiited by rapid decomposition, facilitated by tke coarse soil
texture and low-activity clay mineralogy,

Our most precise  understanding of how land use affects  soil
carbon comes from decades-long f ie ld  cxperinmts rhat  directly
estimacc  soil  change under conrrolled  land-management
rcgim&“.  Although long-term soil studies are highly vahxdl”‘s,
nearly all such studies examine agricultural ecosystems; remarkably
few test  soil changes associated with reforestarion,  reclamation or
natural plant  succession7”6.

One exception is a four-decade-long experiment at the Calhoun
hitperimental  Forest  in South Carolina, USA, which  has &cumeu-
ted changes in soil chemi&y  during pine-forest development  from
1957 to  1997x’o’6-i9. Before 1957, rhe Calhoun soil was cultivated for
cotton and orha crops br  more than a century, practices that
depleted soil  organic matter and enhanced nutrient  avai labi l i ty
Cram  ferriliration  and liming. The  upper 35-cm  layer  of mineral
toih at the Calhoun forest is coerse  textured (66% sand, 15% clay),
vvhich  ensures macroporosity and a llighly  oxidized environment.
t&y  mine&s  that are present are low-activity kaolinite  with lit&
~otentid  to physidIy  protect organic carbon inputs from microbial
rttxk.  Similar soils are found over extensive are(ps  of sourheaatern
North America and the warm temperare  zone and tropic$“J’.

Soil  studies conducted near the  Calhoun forest suggest that  from
the  early  1800s  to the middle  of the  twentieth century,  agricultural
use (primarily for cotto&  corn, hay and pasture) reduced organic
carbon in the  upper 30~1  of the  Calhoun mineral soil by about

Flawa  1 Miner&soil oerbon  (1982-87)  In eight permanent plots  Of he C&tOun

ExperImental  Forest,  South Carolins,  USA. Plots vwc  plantea’  WIII’I loMob  pifia
seedlings in %7following  long-term cultivation for aonon end other  O~OPS. Error
beis uepia  the spatial veriadon (ss etandard errors) among rhe eight permanent
plols,  The rendomized  oomplets  blow ansly&  of  vsrisnoe  bndicsted  highly

significant increases over  me 40 years n soil carbon ST  O-7.5cm  dcixh
la e OAol),  end deareases SI  36-80 cm depth  0  <  0.06).

1,300 g  mW2,  or by -400/u  of rhe  carbon present at 0-30-m,  depth
before culrivation’.  Here we examine recovery of soil carbon during
four decades of reforestation. by using eight permanent plots that
wcn  lasr  harvested of torton  in 1955 and were planted in 19~7 with
seedlings of  loblolly  pine (Pinus  raodu  L.).  On these permanent
plots, soil samples have been coked on seven occasions between
1962 and 1997 using the same samphng  procedures. Nearly  all soil
samples are archived and available for analysis.

Since 1957, the aggradjng  forest accumulated -3,925 g  m-r of
new carbon in the soil profile-that  is, the forest fIoor  (0 horizon)
plus mineral soil: this represcnrs  carbon accumuladon  of nearly
100 gm”yr-’  for 40 years (Table I), Most of the new soil carbon,
3,780 5 251 gm -’ (where r251 indicates the standard error), is
contained in the Forest floor that now blankets rhc formerly
cuhivated  mimxal soil. Only 145 f 26 g  m“ of carbon accumulated
in the underlying mineral soil  (Table 11,  sbout 4% of the new soil
carbon. Although carbon in O-7.5.cm mineral soil increased
sigaificantiy  (P  C 0.001) between 1962 and the 1,990~~  there were
no sign&ant  increases in soil carbon deeper  than 7.5 cm (Fig. I). In
fact, carbon in the lowermost soil layer sampled, at 35-60 cm depth,
s ignif icant ly  docreascd  during the  40-year  ssudy,  perhaps due to
slow  oxidation of organic-carbon input from crop roots during the
period of farming.

Because the Calhoun forest was planted in 1957, new soil carbon
derived from rhe  forest  has a dibrinctive  i so topic  composi t ion
because above-ground nuclear-bomb testing in rhc 1950s  and
1960s greatly increased “CO2  in the atmosphere. The fate  of new
forest  carbon can bc examined in the ecosystem because the
Calhoun forest  has grown entirely within the  period when  the
concentration of “C has  been elcvated  in both the global atmos-
phere and in inputs of carbon to the reforested soil.

Changes in soi l  radiocarbon (“C) during forest  development
show that soil carbon has been more dynamic than  might be
suggested by rhc  gradual reaccumulation of total carbon alone. A
decomposition model” indicates thrr by 1965, A”C  in the forest
floor approached +700%0  only one year after the  “C peak in the
atmosphere (Fig. 2 ;  A?  is  defined in Methods) .  By the 19900,
forest-floor A% de&cd  to loss than  +300%0,  lying the decrease
in atmospheric “COz  owing to incorporation of ‘C  into slow-to-
decompcxo,  humic  compounds of the acidic pine forest Boor
(Pig. 2).

By the 1,99Os,  bomb-produced “C was most concentrated in the
basal layers ofthe  forest fl oorand the O-7.5cm mineral soil (Fig. 2).
In 1992, Oe and Oa horizons (the middle  and rhe lowest layers
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Figure  2 Time trends of ‘*C In rhe  Calhoun loroel  ecoeyetem. Shown are data  for
3UnoSphcrio  CO1  (195047);  tweet floor of 01  (L],  00 (F), and Oe (l-l) layers  (In
1992);  snd minefaleoil  (in 1E62,1968.1972,1977,1982and  19SO).Simuleted  chengee
In “C In Lorest  floor (1957-961  ers  estlmsred  from the decomposition model of
Jorgensen and WdllsM  and estimetss of 8nnual  llttsffall  input over the four
decades, The A’%  lor  the  35-@cm  sample In 1962  was not messurad,  but
w%  sdma!sU  oonservsfively  bye soil-depth-baaed  regrssSiOn.

of forest  &or) had A”C  values  of +247.3%0  and +309.6%0,
rcspcctivtly.  These older forest litter  materials arc uuiched  in “C
derived from plant biomass synthesized during the era  of elevated
“CO1  (Fig. 2). The surficial  Oi horizon (Utterfall  deposited within
the past three to four years) had A%  of +152.2%0  in 1992, closely
comparable to that of atmospheric  CO?  during the btc  1980s and
early 19905 (Fig. 2).

Despite the relatively modest 40-year  changes in mineral-soil
carbon (Table l), organic  matter had incorporated “C throughout
the entire 0-60-cm la

YF
of mineral soil within 8 prs  atter  the

atmosphcrc  peaked  in CO1 (Fig. 2). By 1968, A”C  of mineral  soil
at  0-15-cm depth had increased to f200%0,  up f r o m  -10.4%0  in
1962. By 1972, 0°C  of the entire O-GO-cm mineral soil averaged
+125%0,  compared to less than -IOK&  in 1962.

Since the 1960s. however, only mineral soil at 0-7.5.cm depth  has
mninrained  its elevated ‘“C  (Pig. 2). This su&ial layer of mineral
soil is accumulating carbon in an incipient A horizon that is slowly
reforming under the forest following long-term cultivation (Pk. 1).
But below  7&m depth  decre.ases  in “C  generally par&l  atmos-
phcric decreases  in “C,  a pattern that indicates that forest inputs of
carbon are being rapidly decomposed (Pig. 2). We  suggest that the
0-7.5-cm mineral  soi l  continues to receive ‘$2 from relat ively
recalcitrant and arichrd  “C compounds that  mainly reside  in
the lowest layers of the forest Boor  (Pig. 2).

lb understand br%ter  these dynamics, WC estimated carbon inputs
to soils in the 1990s from tbreo  main ptocexxs:  canopy litterM&
rhizo-deposition  (fin+root  sloughing and turnover), and hydro-
logical leaching of dissolved organic carbon (DOC) from several
9OUKsS.

Inputs of carbon to the forest  float  in  the  mid-1990s  totalled
-290gmWzyi  (Table I),  most ofwhichwas from canopylitterfall,
a l though smallu  amounts  were  derived from turnover of fine
roots” and the DOC in canopy througl&ll.  The forest’s IO-year
accretion  of forest-floor carbon, 3,780gn1’~,  is about 13 times
gxatcr  than current annual input  (Table 1). Accumulation of
forest-floor carbon is attributed mainly to complex, acidic, and
recalcitrant compounds derived  horn  the coniferous leaf lltcn The
forest floor is classi&d  as an acidic mar,  perched atop the mineral
SO~),  with relatively minims1 mixing by soil animals of solid organic
material with mineral roil be.lo$,

Inguts  of carbon ro ihe  0-15-cm layer of mineral soil rotalId
-95 gm-’ yr-‘,  muchofwhich was from  &&o-deposition,  although
B  substantial fiaction  was derived born  DOC in leachatcs  from  the
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Table 1 So11  camon  InpUls  and 4&yr  aCCIWOnL

Fofcsr  lloot O-150m i6-Worn
,,,l,,l,,.,,”  ,,.,l,,,, ~ .,,, * ,,,,,.,, (,,“*,~,,.*,,. ,,,/. ‘,‘..,,....,_...,,.,,_” ,,..................... . ..-...... . -,1*0> ..l,,,.*,l,*“l.~‘lll~~~.
Annual coil oarbon  lnpur  (g  m’yr?

Annual  canopy IfnerfalP 245 (1lB)
Annuei  OOC  lnpurt
AIWWdl  rhiOdep0siliOnS 26(26.5)

AnnueI  Carbon  input 290 96 46
,,,.,  "‘,,,*‘.,., ~.~‘~~~.~~~_.~,~~..~~~~,~..~"  .,..,I,..._......I....  - . . .. . . . . . . . ...I .,,,,.,., ,,,,*  ,,,,  .,.* ,,,.  .*  . .._...-...  . . ..~.. . . . .*I."
TODI  BQII oerbon aooi8~0n’t  (g m4) 3.7601ia6) la(60~6) 0
," .,,,,,,l,,,,  L ,,,,,  ""‘,*,.,,*‘.I,..._  "..- ,,,,,_,,_..--...- ..~-...-.,....,,.....,,,... y..".  .*.*...  I... . . . ..- ~~I.,.~. -....-..-
‘Annual a011  cerbon Inpule  (In Ihe rSeOE)  and Iour-dewdo  a011  carbon aocrmlon  In a~gN
pennrnanl 1018  01  lhe Calhoun  brpcnmsnlel  Fomsl,  Soulh  Osrolna,  USA. RbponCd  J(F
masn6  end PIn  pomnvlcaes)  coefficlenra  of varIerion  in *among  Ihc o&M  pcrmenem PhXe.
t Soil oorbon encradon  Is  eaUma@U  for lolcd!  floor  ovcl1%7-R  end  for O&Cm  mkarel
a011  OYB~  1882-87.  Carbon mns were  steumlcellv  s~gnlhcani  In  0-7.&m mhcrd  coils,
auInoIm  ‘I.&@&am  l~ycr$,  8uJk  densldea  for mlnaraf  (MilEan  1.52Men@in095.a  layem
of m#GrSL Soil and  1.44Mo  m DI 35-60  cm (ref.  1SY
llnpuu  of aenopy lInerfell  ro  low  floor were  csomolcd  in 1091-82.  Inputa  01  &rcolvsd
orgsnlc  caroon  (DOC) weft  estimorcd  m  bC  or vi-weekly oollaolions  oval  Iwo yuam  (lSSZ-
04):  Inlo fofe6!  noof  from  DOC in canoDy  mrougnlall:  into O-15cm  mhsrel  eoll from OOC In
w8letinKWlnB  homlhe  bFsel  floor:  andlmo  16S&omsoil  from 000 In wererUmlninginIo
$oJ  e115-cm  dcprh.  lnpula of cerbon from miivdcposikon  were 8srtmaW  In l@S&85  from
~qbol~hellvs~~mo~(c9rnm)b~om~in fonsr~oor,ormlne~soila~O-15and  lS+Jcm
aeDm.  Flne lo018  were  Bamplcd  m  1994-95,  every  Wee  weeks over  1S  momha.  me SD%
factor  ia  uc8d  & d con3clvallve  esrlmam  of caroon  inpuG  from  rhiz@decoSklon.

forest Boor (Table 1). Even with carbon iuput  esdmated  consava-
livdy  (Table l), long-term soil carbon accumulation (145 gm&)  is
only 1.5 times that of estimated annual input in the 1990s. The short
residence rime for carbon input to mineral soils  is notable’. Carbon
inputs to surfGal  mineral  soil in fine-root biomass and DOC
(Table I,)  arc:  readily decomposed,  as rhey have little protcction
from adsorption to organophilic  clays in these surface soils with
sandy loam tuLturesw*.

From .an  ecosystem perspective,  this aggradiag  forest is a strong
carbon sink. Accumulation of carbon is cspccicrlly  pronounced in
tree biomass and the forest floor relative to that in mineral soil.
During the grow&  of rhis  forest, trees accumulared  14,060g  rnq2  of
carbon (between 1957 and 1990),  compared with 3,7SOgm-’  in the
forest floor  (1957-97)  and 145  g  m-‘in  surlicial  mineral soil (1%2-
97). AunuiJ  carbon accretions thus averaged  about  426,  94 and
4 g mm2 in the three ecosystem components, respectively.

The overall  pattern of carbon sequestrat ion suggests a low
carbon-storage potential  for mineral  s o i l s  compared to that  in
biomass and forest floor: a similar conclusion has been reached
from a review of soil-carbon gains undtx  primary vegetative
successions’. Yet In comparison to other forested soils tecovering
from previous cultivation, the mineral soil at the Calhoun forest
seems IO be datively slow to recover  organic carbon. Pr&ous
estimates of mineral-soil carbon @IS under fore.&” range from
21 IO 55f m-’  y-r”,  while sails ot  the Calhoun forest gained carbon at
4.1 gm- yi’  (Table  1).

Although changa  in soil carbon arc!  not easy to estimate, the
Calhoun ex~etiment  provides an approach for making these csti-
mates: especially useful arc its well  replicated permanent plots,
extensive  within-plot composite sampling, and soil archive. The
main factors driving relatively low carbon accumulations in Cal-
houn mineral soils are coarse soil texture, low soil surface area, low-
activlry  clay mineralofl,  and warm and humid climate. A network
of long-term soil-ecosystem ucgcriments  similar to that ar the
Calhoun, at sites  that encompass a range of controlling variables
of soil and ecosystem carbon, would mtly  facilimtc  future model-
ling  and management of the carbon cycleILl”. 0. . . . . . . . . ,,/,,,,..l.....l..l..,.,......,,,,,,,,,  ~..,,,,,.,...........~.,..,,.,  ‘,/  ,/,,. ,,,,,,,........,..,,,,,,,,.,  ‘ .
Methods

Reeesrch  ma  and lk9ld  experlmenr.  The  Cnlhoun Expetimcnbl  Potc9t  is
OM of the world’s longest  running experiments in which forest-sail  propatia
arc mcasutcd periodic&  in replicated permanart  plots  with  9 soil sampkr
ar&iVeCI.
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The  rcacarch  area is located rt  3&6’N, g2*W. AMU~ precipitation averages 1  I, SmiI)b  P..  Pwbou,  US., Smich,  J.  U.  & DUiou,  B 6  7.  (cd4 hluticiur  rind  wrr4prhn  0rmn  nqfini<

1,170mm (1%~87) snd remperarure  16°C. In rhc truly  1600s.  prirmry
mcwr  mod&.  tidcrmr  II.  I-US (1997).

12.  LIkcn&  G ff.  (cd.)  Lucpfu,,l  Srudia:,  io  .t?&eryt  ~ppf~dn ard nkvnorira  (Sprin(cr,  NW  fork.

deciduous forests  at  the site were clerred,  mainly to grow cotton, rad  the site IOIY).

wss  managed  Sot row crops, hsy sad pasture  until the mid-tvurtieth I 3.  Ki:cr, R  (ed.) /,UII~IC?~  EouIujcrt J&c&!  An Lacrrnuriunlrl  Pmpcnive ISCOYE.  WBn  Nrv  York,

~enturv’*‘~.  Soils arc acidic Ultisok, dassihrd  SP the Appling s&s  (fine,
l9Yl).

ka0li&,  the&c  lJ$c Kanhapludults).  The Appling roil is  a common soi1
14,  Powen,  R. C ven  Clrvr.  K.  I.ov,(ptcrm  csuJo&~I  ma&  :n  ~cmycr~tc  and  borcPI  lorea  coeryl~ema,

A.@J,,  /.8X  II-26 (JYYI).

ofsourhcasrern  North Am&a,  and iR  formed fromgraniticguci*r,  rhe bedrock
1s.  ‘tllmar. Q. CI  •~  in Lw~fvnl  &kp~hwtw  m  Apic~lvml  and &wJ&ol  S&~&J  (Irtr  Leigh  R. A. 0

frorr~  ~hjch  sbour hslf rhe soils in the sourhun  Piedmont region arc darived.
John.mn,  /I. Es)  30.5~)I9  CAD  huemarh.4. Wllinljbrd,  UK, IYW.

16 Richw.  V. II. JC  ~urkcwics,  D.  771~  OIoSeucJ1~11~~  qf~ fvl~~rd  Lit  (clmb&dgr  Univ.  Pnn,  in chr

In 1957.  16 permanent  plots were  instellcd  011  IWO couon 6cldn at  the PW.
Cnlhoun  Expcrimcntal  Pores, eight  ofwhich  are used in there carbon analyses.

17.  Wells,  C.  C.  O)oqmw~,  J.  R,  in Jbfwl Sailr6*dFo~4onr  LucnlMn~~~pIutl  (eda  Wcrlk  6.  & WinSeh  C.
ht.)  Ill-IS6  &ml  vnti.  Prur, Quebec,  1975)s

The mind aoils  of these eight plotr  wcrc  ssmplcd  in 1962, 1968,19Tz,  1976, 18.  Richter,  U.  U,r111l,SuilchnniwlchonSeduZ~~6Q~m:d~uda  in6nolk(lcltllobluUrpinc(Pin~~6~d~

1982,199O  end  1997. At each collection, each plot  was  sampled st  lust  20 times
I”)  wry’lwl, RcvJcgy  75.  IUi-I473  (1994).

IY. M&w&  D,  cl  al.  Threa  decade6  6Juhrvcll  ruil  ocidificnclan  in Ihc  C&oun  hpetimmnl  pumc
with a Z-cm-diameter punch tube in a rptemetic  random Cashion  II SOW soil Hnr  nekl  rain  madu  J  difkrcntd  Soi1  kr, SVC.  Am.  1.62, IUS-1439  (1996).

deprbs; O-7.5, 7.5-15,  15-35 and 35-6Ocm.  Within each plor,  the320 UJ.  Ulthm:  G  V, (Ir  8:lbbas  L 1.  Soil  d)vurr;g II  fht tmpiu  Ale. Ecal,  In  :I.  ))5-3y9  11991).

aamplea pa soil depth wcrc cornposited,  that  ig, in one sAmplc  per depth.
21.  &ml. Y.  A.. Hub  e.  D.  McCmckm. W,  J.  & kurh,&  H.  J.  Zoll  Gar..ir rnrf  C/~J,4talbn  OOM SWC

Uw. YW. Amu.  1997).
Soil amhive,  redlatlon  l nU lore1  carbon. The Duke Soil A&&  storce  air- 12,  Jor~enn~h  ).,  wclh, C  C&Mvtr  L I. Nuttlmrcbnn~r.  ill  dcaomporiq  loblally  yinc  lurea  floar.SaN

dried soil ssmplrm  at room  tcmpcrsture  in se&d  glass containers. Total soil
36  sl&  Am.  /.  46,  1%~7-IJlL  (1960).

carbon \u;ls  analyacd I powdered barnplea  with a Pcrkin-Elma  CHN
U.  &I,  #  pt ~1.  Oqmlc  mwcr  ml  nurrionc  dynomlu  in knn  Nuua in young  rind  matun  AMN

nmnbL%  am*  in mmn  WulllnSlOn.  iu  PJfcCIed  by  bnwnot  inuut, J!&  M#d0$1.  53.  139-157

combruriou  ins~rurncnt. Radiocarbon was  measured  by occekrator  mass ( 1 9 9 3 ) .

spec~romcuy  @MS)  on graphitetargets  prepared from soil organicmartcr  and
34.  Ru;uk,  GA.  ModdL#  Willrmprr.WJrreffe&6nn  i*aitudravmporif&n  mRI:  for LurruotroJl0btally

is reported  as A’%, the per mil dcvistion  of%/%  compared wirh a decay
pine.  IWclfSCl. 39.116-129  (1991).

25,  Vru Lear,  D.  W.,  Yapcluck,  J?  IL  61  f’xker,  M. M.  Jr C&n  ,%I,?  otd  i’untdm  in hmr  .%ilr  kda

corrected oxalic acid standa&.  Positive values ofa% indicate presence of M&c,  W. W. 6  Kelly.  J.  I%) 469~MI  (Soil Sacntr  SOC,  ul  America.  MnJhna,  Wiwnin,  19YS).

bomb=produccd  “C,  and negative values indiatc predominance  of old roil
Y Turn, h4.  S.,  lhnbc~.  5.  E,  chadwi&  D.A.. V:mvrk,  P. 34.  h  Hcndrklu.  0. bIti Mineral contrnl  PI

ail  cr$mic  carbon  rtuni6<  aad  U~IROM. Natr~r 36%  170-173  (IYY%

orgmic  mstrer  with  “C  thmt haa srperieaced  significant ~dioactive  decay 27,  ‘humb0mS.A.  :n  MrrrSPmrv,nc~ye~~~J&(~~J)u~~~~~n,  I’. 6!Ynn~#kJ, S.) ~Il-J4O(Dckkev,  Ncv

(halLlife is  5,730yr).  Rxdiocarbon  wss  eslimetcd using AMS of cmnposite
b’ork,  IYY6).14 , u rre@a.  M. I . II , Nvtriwrf Accuddmwr  iv  Simmr  nrrd  Awur b%~luur  urn I.)t-dr.oU  /.ubld/y Pint

sampleu mndc from wei\  horn the eight plon a\ et& depth. analysis  ofvsriancc P~III&II.  ‘I”&*  Nwth  Cardinr  hrrc URi%  (1993).

and means separation rtStS  we*  used to tear  effects  of time on soil carbon A&ncw~rgmcnm  wr  mr* y . ticinc,  N.  atr~& 5 . 0~1,  K. I&,,~,,,  M,  “&,,,,&I,  v , lin.
accumulation. 1.  RnlLh.  6.  M~fiun’

work.‘rhrQ!huun t.2
K. o’Na2l. W.  H, Sehlainyr,  J.  %IWU*I  and  5.  Kheng  b: an&x~ticNu  co  this

SoI cofbon  Iwule.To  csdmatc  carbon  inputs  to ~0%  atboa inlittcrfall,  Sne
etlmc~~~~l purcr~  *JI  ruppwted  bvfir  USDA Fonrr SC&~,  Dull  U&&y,  rhs

E.x~~,I~~, progrJnl Of  the  NI  “,d  !hu  National  Kurd  Jnitidw  kbyrr,,,,  ,,,d gik  ploppnu  n,
NO&  aad soil wetcr were arimsted.  Lirterfall was  ssmpkd  in arch ofrhc  eight fir V~DA.
pml=ueur  PbtS with five  COhCtOts  (C<Xh  0.72  m’in ;Irra)  pCr  plot.  blOp)’ Curruyundcnnrnd  k~rnt,  lurmroctinlr  ,hould bc  ddmard  (0 UU&  (rcMJ:dtlchnr~uk~,nJu).

littdall wsa  collected monthly during 1991-92’.
Fine roots wcrc rarnpled  volumctricaUy using a 6-cm-dlamela  corer that

colfcctcd unbisrurbcd  corw of 0 horizon and mineral  soil l?om O-15 and 1%
30 cm depths. Soil cores were hken  cvcry  three weeks for 16 months in 1994-
95. Samplea were rcruracd  t0  rhe laboratory where fine root8 (Q-mm) wrc
scparatad from soil by wet-sieving and hand picking. Live  roots were  scpnrsred

Cretaceous  age for the
feathered dinosaurs of

from dead, and the forma wem aahed to estimate carbon contents  (taken as
hlf Belo= on ignition). Only the live Gacrion ofthe  fine ro0r.q  is reported hcrc, Liaoning, China
2nd  carbon inputs from Cat-root  turnover were simply  ertimarcd  as 50%  OFlive
fine-root carbon in fores1  floor, or mineral soil 51; O-15 and IS-30  cm  depth.

cati c, Swisher  III”,  yuanmqlng Wang!,  xlao.lin  Wang??,

TIris  fact0r (50%) is  taken lo be a camvadvs  estimate of carbon inputs from
Xlng xut & ban wane

rhizo-deposition. ‘Btrkelq  Gcockronology  Cenrcr,  245.5  lidgc Rand,  Bcrktlcy,  Califbmh  94709,
rrr.

corrtinuousIy  oven.  GrMationeI  l@meten  were  used  to  collect  weter  from
bdow 0 horizons and at IS-cm depth.  ‘Iknsion lysimetas  of porous noon-

The  mcbt l&e  be& of &e  lo- part  of& yi Portion,
Liaoning Province, northeastern Chii, have yielded a wide

quartz  design  colhcd SOMOIU  sL  60-CIII  depths.  Soh~rions  wcrc collected we of WC&
every  two or three weeks over two ycsrs,  1992-94, and doh~tions  wcrc ctrimstcd P

rewed foS&:  the &a&wed’  &4aurs

for  DOG cone&u&on  by combustion and infrared analysis, a&r purging
S~s~op&~~~, fiot~&~optrryx~d  &&@+, & pri&

iolutions of CO, and HzCO, by acidificstion  znd sparging with  Nzgaa
tive  bk&  &ficciusom$ ad Liao&~omQ,  &e m&
Zhuwgfscorheriunf  and the reportedly oldest flowering plant,
Art.41aejkutu4.  Equally wII preserved in the lake beds are a
wide range of fossil Plan%  insets, bivalves, co~&~~stracans,

new insight into long-lied controve4es ovez bird-dinosaur

~,rwS4~, LIZ-234  0990).
‘ . nfhur.  Da  D. L Marks%%  V. in Dmlvr~ion  &I  Cvgnnit  Mar~u~udrJr  (JrFovl.aa.  Q,,  Smith!  R

origin and evolution of flowering planti.  Despite the importance
Y Smlrh,  I,)  397-407 (NAl’O  AS1  Sen  ‘-‘uL  I II,  SP’i~l@r,  Berlin,  1996). cd this fossil assemblage, estimates of its gEological age have varied

and thus, for the first time, provide accurate age calibration ofthis
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